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Abstract Tip-enhanced Raman scattering (TERS) was paired
with real-time reverse transcription quantitative polymerase
chain reaction (RT-qPCR) to characterize lipid aggregates
during stimulated re-epithelialization using an in vitro wound
healing model. In this study, lipid fluctuations in the plasma
membrane of epidermal keratinocytes were studied at multiple
time points post-wounding. TERS measurements for the first
time were also combined with sample analysis after initial
wounding and 24 h of wound healing. This enabled simulta-
neous visualization and characterization of caveolar bulb dis-
tribution during wound healing stages, providing noninvasive
insight into their associated lipid structure and coating protein,
caveolin, in the nanometer range. The combination of Raman
spectroscopy and scanning probe microscopy in TERS gives
access to topographic and chemical structure information in a
single experiment. It is the intrinsic specificity and sensitivity
of TERS that enable this discrete detection of cell surface
components on the nanometer scale. In contrast with compet-
ing biochemical methods, the applied technique does not
interfere with the cellular composition, enabling lipid structure

analysis without digestion or detergents, and displayed great
potential for future biological in vivo studies.
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Introduction

Cell polarization is a vital developmental process, taking place
during developmental stages, multicellular tissue formation,
and wound healing. Epithelia are the archetypal model of
polarized tissue, with over 60 % of mammalian cell types
stemming from epithelial or epithelial-derived origin. Not
only is the process of cell polarization vital to organism
development, deviations in proper polarization have also been
linked to cancer manifestations, along with other diseases [1].
Polarization can occur in the apical/basal and proximal/distal
axes, with many cellular components responding in associa-
tion to these cues [2]. As the precise mechanisms that direct
cell polarization remain poorly understood [3], better elucida-
tion of structural cell responses to polarization cues and their
chemical compositions can provide insight into downstream
mechanistic occurrences.

The plasma membrane is the barrier between cytoplasmic
components and the surrounding environment. This fluid
bilayer is fabricated predominately of lipids, enabling the
structure to rearrange in response to environmental cues.
Plasma membrane lipid dynamics and their importance in
mediating cell functions, like signal transduction pathways
[4, 5] and vesicular transport [6], have become of increasing
interest. Lipid aggregates have received the most attention
from their influence on regulating cell membrane functions,
disease pathogenesis, and general organism physiology, par-
ticularly through the formation of subcompartments. These
inclusions, like caveolar bulbs, are understood to dynamically
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regulate migratory activity [4] and recruit signaling molecules
into lipid microdomains during wound healing stages [5, 6].
From their widespread involvement in polarization and sub-
sequent migratory activity, such inclusions specifically have
become of great interest but remain poorly characterized
[6–8]. In particular, caveolar bulbs are an intriguing model
to examine membrane protein interactions with lipids for their
influence on membrane morphogenesis and generation of
lipid microdomains [7, 9].

Caveolar bulbs possess a diameter spanning 50–100 nm
[10, 11], although they can be larger (up to 1 μm) when
multiple bulbs combine to form so-called caveosomes and
become widespread on cell membranes in subsequent stages
after initial wound healing [10, 12, 13]. Several methods have
been explored to visualize their structure, including transmis-
sion and scanning electron microscopy, scanning force mi-
croscopy, and immunofluorescence, to better understand their
involvement in wound healing [7, 9, 11, 13]. Examples in-
clude techniques like detergent-resistant membrane fraction
analysis [14], labeling through the use of fluorescent probes
[10, 15], or spectroscopic investigations using FT-IR which
have all been attempted. Combined, these techniques success-
fully analyze lipid content but possess similar setbacks based
on their applied resolution and ability to maintain native
analyte structures, rendering spatiotemporal insight paired
with biochemical information of great difficulty to obtain [16].

Considering traditional lipid analysis methodology and
limitations, tip-enhanced Raman scattering (TERS) was ap-
plied. This technique was selected for its provision of ultra-
sensitive structural characterization and nanometer-level res-
olution. TERS spectroscopy is an emergent spectroscopic
technique, integrating the recognized methodology of
surface-enhanced Raman scattering (SERS) and scanning
probe technologies. In SERS, the low sensitivity of Raman
spectroscopy is overcome by adsorption of the sample on
rough metal surfaces like silver or gold (see ref. [17, 18]).
Drawbacks of SERS include a lack in spatial resolution, which
is easily overcome with TERS through reducing the enhanc-
ing unit to a single nanoparticle. TERS also applies the near-
field enhancements characteristic of SERS through the illumi-
nation of single silver or gold particles attached to the tip of an
atomic force microscope (AFM) or scanning tunneling micro-
scope (STM). For detailed examples, the reader is referred to
the following reviews [19–21] and literature cited therein.
Depending on the particle shape and size, enhancement fac-
tors of the Raman scattering can reach several orders of
magnitude, resulting in a highly resolved structural analysis.
Recent studies have applied TERS to the surface of cells,
bacteria, and viruses, reinforcing the capability of TERS for
cell membrane studies [22–24].

Here, the involvement of lipids in keratinocyte re-
epithelialization was explored using TERS and was further
ve r i f i ed wi th “go ld s t anda rd” t e chn iques l ike

immunohistochemistry and real-time reverse transcription
quantitative polymerase chain reaction (RT-qPCR) for the
transcriptome. For the first time, caveolar bulb distribution
was imaged with TERS and their chemical structure was
analyzed. Moreover, this label-free, molecule-sensitive tech-
nique exhibited its improved sensitivity and unprecedented
resolution, outperforming the routine biological counterparts.

Materials and methods

Cell culture The established human-derived epidermal
keratinocyte cell line (HaCaT cells) was cultured in
Dulbecco’s minimal Eagle’s medium (DMEM) (PAA,
Germany), supplemented with 1 % GlutaMax (Invitrogen)
and 10 % fetal bovine serum (Invitrogen) and in the presence
of 1,000 units/mL penicillin and 1,000 units/mL streptomycin
(Invitrogen) at 37 °C with 5 % CO2 in air. Upon confluency,
HaCaT cells were trypsinized with 0.25 % Trypsin+ETDA
(Invitrogen). Trypsin was inactivated with a 1:4 dilution of
media, and cells were pelleted for use by centrifugation at
400g for 5 min.

Simulated wounding sample preparation Samples were pre-
pared as described above. Following swift insert removal,
wounded samples were cultured in DMEM until each
predetermined time point (0, 24, and 36 h). Time 0 reflects
sample fixation immediately following insert removal. At
each time point, samples were washed with sterile
phosphate-buffered saline (PBS) and fixed with 2 % formal-
dehyde in PBS for 1 h. Samples were then wrapped in foil and
stored at −80 °C until used.

TERS Detailed TERS instrumentation has been previously
described [23]. Briefly, 20 nm of silver (99.99 % pure,
Balzers Materials, Liechtenstein) coated a noncontact-mode
silicon cantilever AFM tip (NSG10, NT-MDT, Russia) by
thermal evaporation (BAL-TEC MDS 020 BAL-TEC
GmbH, Liechtenstein) using an evaporation rate of
0.06 nm s−1. Tips were stored under argon until used within
2 days. For the measurements, a back reflection setup based
on an inverted Raman microscope (LabRAM HR, Horiba,
France) and an AFM mounted on top of the light path
(NanoWizard I, JPK, Germany) was employed. A 568 nm
laser light (laser power after last lens: 0 h sample, P=750 μW;
24 h sample, P=1.1 mW) was focused through a 60× oil
immersion objective (N.A.=1.45) and the sample on the tip.
The acquisition times were set as follows: 0 h sample, tacq=
10 s, and 24 h sample, tacq=15 s. All shown spectra are raw
spectra.

RNA extraction RNAwas extracted at all time points from the
entire sample following the manufacturer’s protocol supplied
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in the RNA Mini Kit (Qiagen). Briefly, cells were lysed in
lysis buffer and vortexed for sample homogenization.
Samples were centrifuged at 8,000g for 30 s to remove
gDNA, and the flow-through was mixed with 70 % ethanol.
The samples were transferred to spin columns that bind total
RNA during centrifugation at 8,000g for 15 s. All total RNA
bound to the spin-filter was cleaned of residual ethanol by
additional centrifugation at 8,000g for 15 s. Samples were
then washed with 80 % ethanol, centrifuged at 8,000g for
2 min, and dried by centrifugation at 25,000g for 5 min. Total
RNA was then eluted from the spin column into RNase-free
water by centrifugation at 25,000g for 1 min. RNA quality
was assessed by automated gel electrophoresis (Bio-Rad,
Germany) with RNA StdSens chips, and the concentration
was confirmed using a NanoDrop® ND-1000 UV/visible
spectrophotometer (NanoDrop Technologies Ltd, USA).

cDNA synthesis Reverse transcription was performed using
SuperScript III reverse transcriptase (Invitrogen, Dorset, UK)
as specified by the manufacturer. To begin with, 200 ng of
total RNA was combined with 0.5 μg oligo-dT12–18

(Invitrogen) and 10 mM dNTP mix (Invitrogen), incubated
for 5 min at 65 °C, and then chilled on ice. Samples were then
combined with 4 μL 5× first strand buffer (containing

250 mM Tris–HCI (pH 8.3), 375 mM KC1, 15 mM MgCl2),
1 μL of 0.1 M DTT, 40 units of RNAse (Promega), and 200
units of SuperScript II reverse transcriptase (Invitrogen). Once
combined, samples were incubated for 60 min at 50 °C. The
enzymatic activity of reverse transcriptase was ceased by
sample incubation at 70 °C for 15 min. Samples were stored
at −80 °C until subsequent use.

RT-qPCR Candidate genes were selected from a previous
microarray screening and from relevant literature. Reference
genes specific to the cell line were previously determined by
identifying the two most stable genes from the 12 most stable
suggested by Vandesompele et al. [25].

All RNA transcript sequences were acquired online from
the National Centre for Biotechnology Information.
Transcripts were cross-referenced with corresponding
Ensembl Human Genome Database sequences. Homologous
regions were then used for primer and probe assay design
using the Universal ProbeLibrary Assay Design Centre
(Roche Diagnostics Ltd). Subsequent BLAST searches were
performed for all sequences to confirm primer-gene specific-
ity. Primers were then synthesized by Metabion (Germany)
and probes were synthesized by Roche Diagnostics (UK),
implementing the locked nucleic acid technology, and
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Fig. 1 a AFM topography of a HaCaT cell immediately after wounding
(0 h); b enlarged image with the white line indicating the region of TERS
measurement
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Fig. 2 Average TERS spectrum of 26 raw spectra on a HaCaT cell
initially after wounding (0 h); distance of measured points, 150 nm,
tacq=10 s. Marker bands are highlighted; grey line protein, rectangle
lipid. A reference spectrum of the cell was acquired (10 s) with 500 μm
retracted tip; the colored map shows the detection of proteins (red), lipids
(green), and mixtures of both (blue) along the measured line
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incorporated the reporter dye fluorescein (FAM (6-carboxy
fluorescene)) at the 5′-end and the dark quencher dye at the 3′-
end.

Every RT-qPCR assay was performed in triplicate using the
384-well configuration and an ABI® 7900 (Applied
Biosciences, Germany). Each assay included three no-
template controls. The reaction volume for each well was
10 μL and contained 5 μL 2× Precision Master Mix (Primer
Design, UK). Additionally, 0.7 μL of RNase-free H2O
(Ambion, Inc.), 0.1 μL of 20 μM forward primer, 0.1 μL of
20 μM reverse primer, 0.1 μL of 10 μM Roche fluorescently
labeled probe, and 4 μL of sample complementary DNA
(cDNA) at 2.5 ng/μL were added to each well. All no-
template control wells supplemented cDNA volume with
4 μL of RNase-free H2O. The amplification conditions for
all assays included 1 cycle at 65 °C for 5 min and 40 cycles at
95 °C for 2 min, 95 °C for 15 s, and 60 °C for 1 min. RT-qPCR
data were analyzed by using ABI® 7900 standard software to
determine cycle threshold values (Ct) and relatively quantified
to the time 0 gene expression profiles to determine changes
during re-epithelialization.

Statistical analysis RT-qPCR data were assessed for statis-
tical significance using the 2ΔΔCt values following

relative quantification for each candidate gene. These
transformed values for each gene were then imported into
GraphPad Prism software (version 3.0) and assessed for
significance using the Mann-Whitney U nonparametric
test, with a 90 % confidence interval, to assess whether
the genetic distributions of the two time points were
statistically significant (N=3 for each time point, N=3
for each RT-qPCR gene replicate).

Immunofluorescence After fixation and spectroscopic anal-
ysis, cell samples were labeled with FITC (fluorescein
isothiocyanate) for caveolin-1. To accomplish this, sam-
ples were rehydrated in PBS for 5 min and then blocked
for 30 min with 1 % bovine serum albumin (BSA) in
PBS+Tween (PBST) to prohibit nonspecific antibody
binding. For visualization of caveolin lipid invaginations
and the plasma membrane, cells were labeled with rabbit
polyclonal caveolin-1 (abcam, UK) at a concentration of
5 μg/mL for 1 h at room temperature. Samples were
washed three times for 5 min each and stained with the
corresponding secondary antibodies. Goat anti-rabbit IgG
FITC conjugate (abcam, UK) was used at a concentration
of 40 μg/mL and incubated for 1 h at room temperature.
Samples were then washed three times for 5 min each

Table 1 Band assignment for
TERS spectra on a HaCaT cell
just after wounding (0 h)

Wavenumber/cm−1 Assignment Reference

1,647, 1,636 Amide I (prot), C=C str. (lipid) [22, 28]

1,614, 1,589 C=C stretch (prot), C=C str. (lipid) [22, 23]

1,573–1,558, 1,529, 1,513 Amide II, C=C str. (prot) [22, 23, 28]

1,494, 1,487, 1,468 CH2, CH3 def. (lipid, prot) [22]

1,451, 1,441 CH2 str. (lipid, prot) [22]

1,414, 1,407, 1,390, 1,377, 1,353, 1,342, 1,329 CH2, CH3 bend (lipid, prot) [22, 23]

1,312 CH2 twist (lipid) [22, 23, 29]

1,295, 1,270 Amide III (prot), =CH bend (lipid) [22]

1,250, 1,224 Amide III (prot), PO2 asym. str. (lipid) [22, 23, 29]

1,218, 1,207 CH str. (prot) [22]

1,163 C–O str., C–OH, bend, CH bend, CCN (prot) [22, 23]

1,135, 1,119 C–C str. (lipid, prot), C–N str. (prot) [22, 23]

1,092, 1,085 C–C str., C–O str., PO2 sym. str. (lipid) [22, 23]

1,038 C–OH str. (lipid) [22, 23]

1,009 Ring breath (phe, prot) [22, 23]

990–920 Si overtone of tip

896, 888 C–C str. residue, CH bend (prot) [22, 23]

852 Ring breath (tyr, prot) [22, 23]

834 PO2 asym str., CH (lipid) [22, 23]

804, 774, 750 C–S str. (prot.) [22, 23]

728 Me3N
+ sym str. (sphingolipid) [30, 31]

706 Ring breath (cholesterol) [29, 32]

648 ?

620 Ring def. (phe, prot), amide IV [22, 23]
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with PBS, and the nuclei were counterstained with 14′,6-
diamidino-2-phenylindole (DAPI) (Sigma-Aldrich,
Germany) at 1:1,000 dilution for 2 min. Samples were
again washed three times for 5 min each and mounted
(Sigma-Aldrich, Germany).

An Olympus IX70 wide-field fluorescence microscope
(Olympus, Japan) was used with appropriate bandpass filters
for 350–460 nm (DAPI) and 510–540 nm (FITC). Images
were captured using CellA software (Olympus, Japan) and a
Canon 35-mm CCD system.

Results and discussion

Histological staining

Previous studies have mentioned the importance of lipids
during cell polarization, particularly during cell migration
[26, 27], but none have been capable of breaking down the
composition and rearrangements of these components during
the polarization of intact cells. For comparison with common-
place histological methods, samples were dual-labeled for
lipid content using the histological stain Oil Red O and for
the nucleus using DAPI. The result of this traditional staining
was unable to clearly identify regions of lipid content amongst
keratinocyte monolayers from their lack of red-stained lipid-
specific regions (see Electronic Supplementary Material
(ESM) Fig. S1). Traditional histological staining was also
not able to provide a spatial resolution high enough to differ-
entiate between fatty acid types. In turn, spectroscopy was
applied to further differentiate plasma membrane lipid fluctu-
ations during polarization, while providing an increased spa-
tial resolution and sensitivity.

TERS studies

To obtain topographical insight into the lipid organization of
the plasma membrane, TERS was applied to keratinocytes
initially following stimulated wounding (0 h) and during
migratory activity, where cells are distinctly polarized (24 h).
Figure 1a displays the topography of an individual cell from
the edge of the induced wound obtained at 0 h by AFM. The
white line in Fig. 1b indicates where the spectra were collect-
ed. The darker areas (0 nm) are still part of the cellular
membrane but are of cell membrane regions only covering
the cytoplasm, and not of that covering the nucleus, where the
overall thickness is thus regarded as more thin. From the AFM
image, an intact cell membrane was clearly visualized at this
time point. The cytoplasmic regions were largely devoid of
lipid inclusions surrounding the nucleus and nuclear envelope,
located predominately where the regions of high topography
were detected (see bright regions in Fig. 1a). At this time
point, the cytoplasmic region is also more condensed around

the nucleus, as polarization reflected in the cell morphology
has not yet manifested.

TERS spectra were obtained at different points on the
membrane every 150 nm. In contrast to conventional Raman
spectroscopy, where spectra from the whole cell volume in the
laser focus are measured, TERS exclusively provides the
chemical information of molecules closest in vicinity to the
tip. The collected spectra were very diverse, as expected when
considering the composition of a cell membrane. Additionally,
the signal-enhancing field at the tip apex decays exponential-
ly, thus limiting the z-axis detection to a few nanometers at
most, i.e., only the first cell layer characterization. All TERS
measurements presented here were from line scans.

Detected features within the average spectrum of 26 spectra
displayed in Fig. 2 indicated the presence of varying protein
(amide I–III) and lipid components as the tip moved across the
plasmamembrane. The entire spectral dataset is given in ESM
Fig. S2 (please note that absolute intensity variations in the
average data are not considered due to the strong influence of
feedback parameters and the tip-sample distance dependence
of the signal).

Characteristic bands of proteins and lipids are highlighted
in Fig. 2. Along the measured line, cysteine-rich (νCS around
804, 774, 750 cm−1) and tyrosine-rich (ring breath around
852 cm−1) areas were detected. Since no ester bands around
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Fig. 3 Model of a caveolar bulb (a) and the molecular structures of
associated phospholipids (b)
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1,730 cm−1 were detected, the presence of phospholipids
could be excluded at this specific cell locality. A small band
at 725 cm−1 (νMe3N

+–) pointed to sphingolipid content, but
further separation (sphingomyelin versus glycosphingolipids)
was not possible due to overlapping signals. Also, the broad
band between 920 and 990 cm−1 (Si overtone) derives from
the TERS tip. Each spectrum was assessed with respect to the
presence of protein and lipid bands, and a map was generated
as shown in Fig. 2 (top). It is evident that both membrane
constituents were likewise detected (red: protein, green: lipid,
blue: mixture of both), which is in agreement with previous
TERS experiments on cells where lipid rafts were interspersed
with proteins [22].

Here, the detected protein/lipid distribution is in agreement
with the composition of a generic plasma membrane on an
unactivated, unpolarized cell. In such cells, at 0 h post-
wounding, widespread responses are not seen at the protein
and lipid levels this soon post-wounding. The observed spec-
tral fluctuations are also in agreement with the molecular
orientation under the tip, as reported for other biological

samples (see ref. [22, 23] for further information). Table 1
gives an assignment of the corresponding TERS signals.

The distribution of caveolar bulbs among cells 24 h post-
wounding was then assessed and compared with that at 0 h.
The presence of caveolae within the membrane allowed for
easy identification, as these bulbs spanned approximately 50–
120 nm in diameter and displayed a stable structure [10, 11].
Caveolae are thought to be involved in cell migration from
their oriented distribution [6, 26] to assist with directional
sensing of basal and granular layers of the epidermis during
polarization [33]. Caveolar bulbs are also known to localize in
the trailing edge of migrating endothelial cells, while cells
migrating in 3-D display caveolar bulbs in a soluble, cytoplas-
mic form in the leading cell edges [6]. These inclusions can be
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Fig. 5 TERS spectra of HaCaT cells 24 h post-wounding: top average
spectrum of 72 raw spectra outside the caveolar bulb (line 1 in Fig. 4b).
Distance of measured points, 10 nm, tacu=15 s; middle average spectrum
of 12 raw spectra inside the caveolae (line 2 in Fig. 4b); bottom average
spectrum of 21 raw spectra inside the caveolae (line 3 in Fig. 4b).
Distance of measured points inside the caveolae, 25 nm, tacu=15 s. The
colored maps visualize the detection of proteins (red), lipids (green), and
mixtures of both (blue) along the measured lines; white pixels lack of
spectral information. Marker bands are highlighted; grey line protein,
rectangle lipid. Asterisks indicate spikes due to cosmic rays. A reference
spectrum of the cell was acquired (10 s) with the 500 μm retracted tip
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Fig. 4 aAFM topography of a caveolar bulb and its surrounding area on
a HaCaT cell surface 24 h post-wounding; b enlarged image with line 1,
2, and 3 showing the regions of TERS measurement. 0 nm refers to the
bottom of the caveolae. Arrows indicate smaller neighboring caveolae
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found on most cell types, although they are particularly abun-
dant in terminally differentiated cells like mature
keratinocytes.

Caveolar bulbs are only formed in the presence of the
caveolin protein through protein-protein interactions and
are stabilized by caveolin oligomerization [13, 34, 35]. In
the caveolar model (Fig. 3a), this clustering is depicted as
an aggregate in the bow-shaped caveolin. More specifical-
ly, the caveolin-1 protein coating binds cholesterol tightly
and selectively, enriching sterols in the area and maintain-
ing the striated coat through hydrophobic interactions [8,
26, 36]. The lipid layer of caveolae consists of
sphingol ip ids , par t icula r ly sphingomyel in , and
glycosphingolipids [12, 13, 35, 36]. Sphingomyelin has a
phosphocholine head group (Me3N

+–) and two long alkyl
chains with an amide and an alcohol residue (see Fig. 3b).
For glycosphingolipids, the phosphocholine head group of
sphingomyelin is replaced by a carbohydrate. Reports in-
dicate that interactions of sphingomyelin with cholesterol
are preferred over other phospholipids because of the sta-
bilizing effect of the N-acyl group [37].

Until now, the characterization of this protein required
isolation of caveolin-rich membrane domains from cells,
which often inadvertently damages their structure [16, 36,
38]. Through AFM imaging, the localization of these micro-
domains in the cytoplasmic regions of the cell membrane is
feasible. Their characteristic striated coatings were clearly
visualized (see Fig. 4), despite the difficulties alternate tech-
niques describe [7, 9]. At this time point, the cytoplasm has
expanded from its previous, more condensed morphology in
Fig. 1a. The distribution of the caveolin microdomains com-
pared with the localization of the nucleus is clear and cell
polarization has begun, with the leading cell edge possessing
the majority of the caveolar bulbs present and nucleus being in
a more proximal position to the cell monolayer.

The examined caveolin invagination was on the larger
side—about 1 μm—but falls into the range of a “cycling”
caveolin, during the “open” and “closed” states, instating a
considerable range to this diameter size [12] and had a
depth around 120 nm. As caveolar bulbs are not transmem-
brane structures, “0 nm” in the AFM scale bar refers to the
bottom of the caveolar bulb. In addition to the measured

Table 2 Band assignments for TERS spectra on a HaCaT cell 24 h post wounding

Line 1 Line 2 Line 3 Assignment Reference

1,696 C=O asym. str. (carboxyl, prot) [22]

1,667, 1,647, 1,636 1,663, 1,652 1,654 Amide I (prot), C=C (lipid, cholesterol) [22, 23, 29]

1,617, 1,590, 1,586 1,602, 1,596, 1,586 1,601, 1,577 C=C str. (prot, lipid, cholesterol) [22, 23]
[32]

1,556, 1,523 1,562, 1,539 Amide II, C=C str. (prot) [22, 23]
[28]

1,492 1,494 1,514, 1,502 CH2, CH3 def. (lipid, prot) [22, 23]

1,485, 1,479 1,482, 1,464 1,479, 1,472, 1,466 CH, CH2 def. (lipid, prot) [22]

1,447, 1,438 1,448, 1,443 1,457, 1,437 CH2, CH3 def (lipid, prot, cholesterol) [22, 23]

1,414, 1,406, 1,397, 1,387, 1,367,
1,335

1,413, 1,384, 1,375, 1,352,
1,345

1,393, 1,386, 1,353,
1,343

CH2, CH3 def. (lipid, prot) [22, 23]

1,314, 1,302 1,308 CH2 twist (lipid, cholesterol) [22, 23]

1,288 1,233 1,267, 1,257 Amide III, =CH bend, PO2 asym. str.
(lipid)

[22, 23]

1,211, 1,200 1,211, 1,187 CH2, CC str., CH str. (prot) [22, 23]

1,156 1,169 C–O str., COH bend (lipid) [22, 23]

1,133 CC str. (lipid) [22]

1,065 1,063 1,091 C–C str., C–O str., PO2 sym. str. (lipid) [22, 23]

1,006 Ring breath (phe, prot) [22, 23]

990–920 990–920 990–920 Si overtone of tip

858 855 Tyr [22, 23]

811 ?

767 C–S str. (prot) [22, 23]

725, 716 726 Me3N
+ sym str. (sphingolipid) [30, 31]

708 706 708 Ring breath (cholesterol) [29, 32]

641 ? [22, 23]

623 623, 614 617 Amide IV

Label-free in vitro visualization and characterization 6999



caveolar bulb, smaller caveolae were detected and are
indicated with arrows.

Once caveolae were visualized, the TERS tip was aligned
to investigate their surrounding striated regions for insight into
the molecular composition. In Fig. 5 (top), an average TERS
spectrum of 72 spectra (each 10 nm apart) of the measurement
outside a caveolar bulb is depicted (line 1). For spectral
information of the caveolar bulb itself, the tip was positioned
in the cavity (line 2 and line 3 in Fig. 4b). Spectra in the
middle and at the bottom of Fig. 5 display average TERS
spectra of 12 and 21 spectra, respectively, from within the
caveolae. On each line, the points were 25 nm apart. In the
spectra, the characteristic bands of proteins, cholesterol, and
sphingolipids were marked. The full spectral datasets are
provided in ESM Figs. S3, S4, and S5.

Noticeable features specific for the presence of
sphingolipids at 725 cm−1 (Me3N

+–) and cholesterol at
705 cm−1 were detected in spectra outside and inside the
caveolae. According to the abovementioned previous study
[37], the lipid was supposed to be sphingomyelin but could
not be further verified due to overlapping bands. The simul-
taneous detection of cholesterol was to be expected and con-
firms the results obtained from previous experiments [12, 13,
35, 36]. Table 2 displays the entire corresponding band as-
signment for the 24-h sample. All three spectral datasets of the
measurements inside and outside the caveolar bulb were
assessed with respect to the detection of proteins and lipids.
The respective coloredmaps in Fig. 5 image the distribution of
proteins (red), lipids (green), andmixtures of both (blue) along
the measured lines. Evidently, the protein content on the 24-h
cell membrane has elevated while lipid contribution has de-
creased compared to the 0-h cell, which was an indicator for
the formation of caveolin. In contrast to the 0-h sample, no
dominating signals for cysteine and tyrosine could be detect-
ed. From further studies, it is acknowledged that caveolin can
be found not only inside the invagination but also outside [36].

Along the line outside the caveolae, bands of
COOH/COO− groups were detected. Those bands are
further good indicators of caveolin presence, whose se-
quence comprises 21 acidic amino acid residues, and have
already been documented outside of caveolae [7, 36, 39].
From the spectra in Fig. 5, it is evident that no carboxyl
bands were detected inside the caveolae. This might be
attributed to an endocellular orientation of the hydrophilic
side chains, leaving them out of reach of the TERS tip.
Apart from that, no striking spectral differences between
the inside and outside of the caveolae were identified.
These presented data are also a first approach towards
full cell invagination characterization and warrant further
TERS study for a complete and thorough chemical pro-
file. Moreover, it could be clearly demonstrated that
chemical changes induced by wound healing can already
be detected on the nanoscale. In other words, TERS

enables the visualization of cell migratory effects before
conventional microscopic techniques can.

Immunofluorescence

The identical cells from the TERS measurements were tagged
with FITC-labeled (green) anti-caveolin1 (CAV1) and DAPI
(blue) post-TERS analysis. This enabled the visualization of
CAV1 distribution during cell polarization in the red region of
interest (see ESM Fig. S6). Immunofluorescence was found to
illustrate that at 0 h, CAV1 was localized within the cell
cytoplasm, largely surrounding the nucleus (see ESM
Fig. S6, top). This is in agreement with previous findings, as
oligomerization of the caveolin protein occurs within the
endoplasmic reticulum [7] and largely no caveolae were de-
tected on the cell surface at 0 h through AFM imaging. By
24 h, the localization of CAV1 through immunofluorescence
was noticed to shift to a distribution either on the plasma
membrane or more close to it (see ESM Fig. S6, bottom), in
agreement with previous observations [40, 41] and further
supporting our AFM topographical conclusions.
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RT-qPCR

RT-qPCR was applied to further confirm the alterations in cell
activity between 0 and 24 h. Of particular importance were
tight junctions because cells must loosen attachments to one
another for polarization and subsequent migration. The gene
expression of transcripts for proteins involved in tight junc-
tions, including occludin (OCCLUD), junctional adhesion
molecule 1 (JAM1), and claudin 1 (CLAUD1), was explored
over both time points (see Fig. 6a). As anticipated, transcript
expression of all tight junction genes was downregulated
following sample wounding to facilitate morphological
changes between 8 and 36 h post-stimulated wounding.
From 24 to 48 h, expression increased as cell migration
subsided and polarization became less necessary, resuming
original cell contact for communication and structural
integrity.

The transcript expression profile for caveolin-1 (CAV1)
and caveolin-2 (CAV2) was explored for their role in caveolae
structural formation [7, 42] and CD44 (cluster of differentia-
tion no. 44; involved in lipid synthesis) based on its involve-
ment in cholesterol synthesis. Following stimulated
wounding, transcript expressions of CAV1 and CAV2 were
upregulated for the duration of the cell migration, in agree-
ment with AFM (and immunofluorescence results) (see
Fig. 6b). Caveolae signaling is regulated by CAV1 and
CAV2 during wound healing. As polarization and migration
begin to subside by 24 h, CAV2 expression downregulates
while CAV1 expression remains relatively stable indicating
overall wound healing efficiency, which is consistent with
associated literature [43]. CD44 was found upregulated and
displayed an expression profile similar to that of CAV2,
indicating cholesterol synthesis occurred in wounding onset
but diminished as overall migration and cell polarization were
no longer necessary as well.

Conclusion

For the first time, simultaneous topographical and label-
free structural characterization on the nanometer scale of
individual cell caveolar bulbs was facilitated using TERS
and during differing time points post-wounding to better
understand caveolar bulb distributions and fluctuations
during wound healing. To elucidate changes on the mem-
brane, AFM topographical images and spectra were col-
lected immediately following (0 h) and 24 h after
wounding. As a result, insight into the structure and
distribution of caveolae was obtained without the need
for labeling or separation techniques. Furthermore, all
AFM and spectroscopic results were verified through
RT-qPCR analysis and immunofluorescence, spanning
transcript and protein levels.

In summary, current results clearly qualify TERS as a
valuable tool for general and specific label-free lipid target
analysis, particularly on in-depth studies pertaining to in-
dividual microdomains. As underlying mechanisms of cell
polarization remain to be thoroughly elucidated, this non-
destructive structural insight can provide information able
to identify potential binding regions within caveolar bulbs
and their associated downstream effects resulting in cell
polarization and morphology. The intrinsic specificity and
high spatial resolution capabilities of TERS not only en-
able the differentiation of membrane components but give
access to questions like wound healing defects or interac-
tions with vulnerary drugs.
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